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Abstract— The swelling pressures of several bentonites (Bentonite
S-2, Febex, Calcigel, Montigel, Kunigel, Kunigel V1, Na-Kunigel,
Alaska, Ca-Fourges, MX80, Na-Ca MX80, Ca-Wyoming, and NaWyoming) were determined from the Gouy-Chapman diffuse double
layer theory. Many of these bentonites have been considered as
barrier and backfilling materials for the underground storage of
nuclear waste in various countries. The theoretical swelling pressures
were then compared with the reported experimental swelling
pressures for both initially saturated and compacted saturated
samples. Qualitative agreements between the theoretical predictions
and the experimental results were noted for all the bentonites studied.
However, it was noted that at low dry densities or high void ratios,
the theory generally predicted higher swelling pressures with the
reverse trend at high dry densities or low void ratios. The lesser
magnitude of experimental swelling pressures at higher void ratios
can possibly be attributed to the formation of clay domains. Such
behaviour also supports the fact that the effects of counterion
crowding near the surfaces of the clay platelets are to reduce the
surface charge and the electric potential at the Gouy-Stern plane.
At smaller void ratios, the overlapping of the Stern layers of adjacent
clay platelets influenced the swelling pressures. In this case, much
stronger swelling pressures were exhibited by the bentonites.

several researchers [2]. Similarly, re-saturation tests on
compacted unsaturated bentonites under restrained boundary
conditions and the subsequent development of swelling
pressures have been studied by a number of researchers in
the past [1, 3].
In the current study, the swelling pressures for thirteen
bentonites covering a wide range of physical and chemical
properties were determined using the Gouy-Chapman diffuse
double layer theory. The results were then compared with the
reported experimental swelling pressures of the bentonites
obtained from both constant volume swelling pressure tests
on compacted unsaturated samples and consolidation tests
on initially saturated samples.

II. LITERATURE REVIEW
Clay particles carry net negative charges at their surfaces
due to the isomorphous substitution in the crystal lattice.
Exchangeable cations in the clay media are attracted to these
negative charges. Hydration of the clay platelet surfaces and
the exchangeable ions in the immediate vicinity of the surfaces
of the clay platelets contribute to the crystalline swelling during
the initial stages of the wetting process. The dissociation of
ions from the surfaces of the clay platelets to the nearby
solution, and subsequently the overlapping of the electrical
double layers of adjacent clay platelets has been considered
as an important stage of the swelling process in
montmorillonites (i.e., the osmotic swelling) [4, 8].
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I.

INTRODUCTION

Bentonites are clays that are largely composed of
expandable montmorillonite clay mineral. Compacted bentonites
are used as barrier and backfilling materials in high-level
radioactive waste repositories and in landfill cover systems in
many countries around the world. High swelling ability, high
ion adsorption capacity, and a low coefficient of permeability
are some of the important properties that bentonites offer in
restricting migration of contaminants to groundwater and the
environment [1].

A review of literature suggested that various approaches
have been proposed to quantitatively determine the
swelling pressures of bentonites. Several researchers
considered that the ionic concentration distribution in the
pore fluid, and the distance between the clay platelets,
depend upon the specific surface area, the cation exchange
capacity, the valence of exchangeable cations, and the
characteristics of the fluid with which the clay interacts [4,
6]. In this case, the difference between the osmotic pressure
at the midplane between clay platelets and that in the bulk
fluid, equals the swelling pressure. On the other hand, Low

From geotechnical and geoenvironmental engineering
perspectives; for the safe design and long-term functionality
of the engineered barriers, detailed studies on the hydraulic,
mechanical, chemical, and thermal behaviour of bentonites
covering a wide range of compaction conditions are required.
Both small scale laboratory tests (i.e., element and mock-up
tests) and complex insitu tests in proto-type repositories have
been considered by several agencies. Studies on the volume
change behaviour of bentonites by subjecting them to both
large pressures and suction changes have been carried out by
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[7] stated that the fraction of counterions in the diffuse
double layer is very small and this layer may be poorly
developed. Therefore, the contribution of the osmotic
pressure on the swelling pressure is negligible, whereas the
structural perturbation of the water under the influence of the
layer surfaces is primarily responsible for the swelling of
montmorillonite clays. The formation of a gel-like structure in
saturated bentonites and the densities of the gel have been
considered to compute swelling pressure in bentonites.
The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory
[8] considered the van der Waals attractive forces, whereas
the Columbic attraction theory [9] considered the long-range
Coulombic attractive force to explain the swelling nature of
clays. Similarly, simplified Stern-Gouy theory [8, 4] and the
Anisotropic Hypernetted Chain (AHNC) theory [10] are
available to compute the swelling pressures of clay-water ion
systems. Studies concerning the influence of Stern layer (i.e.,
a compact ion layer adjacent to the surfaces of the clay
platelets) on the swelling pressure of bentonites is limited only
to single clay platelet systems and large clay platelet spacing
[4]. All the currently available theories have been successfully
applied to predict swelling pressures of clays for certain
situations.

bentonites was dealt with by taking the weighted average
valence of exchangeable cations in the bentonites. These
studies have shown that the relationships between calculated
values of the midplane potential function (u) and the distance
function (Kd) from experimental results of several initially
saturated and compacted saturated bentonites are very nearly
linear. It was suggested that the modified u-Kd relationships
could be used to assess the swelling pressure-void ratio and
swelling pressure-dry density relationships for bentonites.
In the past, several researchers have compared the
experimental swelling pressures with the predictions from
various theories for homo-ionised bentonites. The studies
have emphasized the relationships between the distance amid
unit layers and swelling pressures of clays. Macro-scale
swelling pressure is relevant to engineers. Transformation of
the scale between micro and macro swelling of bentonites that
cover a wide range of void ratios is very challenging,
particularly so when there is a complex distribution of water
within the clay pores [17, 18]. It was noted that theoretical
prediction of swelling pressures for a large number of
bentonites with a wide range of physical, chemical, and
mineralogical properties has not before been attempted.

Sridharan and Jayadeva [11] showed that the influence of
van der Waals attractive pressure is insignificant up to a
pressure of about 1.0 MPa. McBride [12] discussed the
limitations of the DLVO theory. Low [7] stated that the electric
potential developed in the outer Helmholtz plane of the clay
crystals is much smaller than that calculated from double layer
considerations. His study also emphasized the existence of
the domains in clay-water ion systems [13].

II. PRESENT STUDY
A review of literature suggested that theories based on
the Poisson-Boltzmann equation could be well used to
compute swelling pressures of montmorillonites. Hence, the
Gouy-Chapman diffuse double layer theory without any
modifications for the domain formation, the electric potential,
and the Stern layer, was used in this study.

Marcelja [14] noted that the counterion crowding near the
surfaces of the clay platelets has two distinct effects; (i) to
reduce the swelling pressures at large clay platelet distances
(> 2 nm), and (ii) to produce a much stronger repulsion when
the clay platelets are brought closer together.

A. Bentonites used
The reported data from consolidation tests for a French
bentonite (Ca-Fourges) [20], a German bentonite (Calcigel) [1,
21], American bentonites (Alaska bentonite, Na-Wyoming, CaWyoming, and Na-Ca MX80) [5, 19, 20], and a Japanese
bentonite (Na-Kunigel) [20], were examined. For the compacted
saturated bentonites, the reported data from swelling pressure
tests for Spanish bentonites (Bentonite S-2 and Febex) [22],
German bentonites (Calcigel and Montigel) [1, 23], Japanese
bentonites (Kunigel and Kunigel V1) [24, 25], and American
MX80 bentonite [23], were considered.

McBride and Baveye [16] stated that the diffuse double
layer theory, the DLVO theory, and the Coulombic attraction
theory may not properly describe the behaviour of condensed
silicate clay phases. These theories are only relevant to
dispersed systems in which particle separations are many times
the molecular dimensions of water molecules; otherwise, the
hydration forces play a dominant role. Tripathy et al. [15]
showed that for compacted bentonites, in addition to the
double layer repulsive and van der Waals attractive pressures,
additional repulsive pressures need to be considered to
compute swelling pressures at close clay platelet separations.

Bolt [5] reported the consolidation tests for Ca- and NaWyoming with bulk fluid concentrations of 10-3 CaCl2 and 103
NaCl, respectively, whereas for all others, distilled water was
used as the bulk fluid. The molal concentration of distilled
water is approximately 10-4M [3].

Using the Gouy-Chapman diffuse double layer theory, an
alternative approach has been suggested to predict swelling
pressures of bentonites [1-3]. For mixed valent bentonites, the
presence of various types of exchangeable cations in the

The reported test results considered in this study were
obtained at temperatures of either 20 or 250C. It was noted in
this study that such a variation in the temperature has very
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minor influence on the predicted results. Therefore, for all cases,
the calculated results are for a temperature of 250C.
The theoretical results for Na- and Ca-Wyoming, MX80,
Febex, and Montigel bentonites, are repetitions of the studies
carried out by Bolt [5] and Tripathy et al. [3]. Therefore, the
theoretical predictions of swelling pressures for other
bentonites are new results.

B. Theory
The theoretical swelling pressure-void ratio relationships
and the swelling pressure-dry density relationships were
established for each of the bentonites studied from the GouyChapman diffuse double layer theory (eqs. 1-6) [8, 11, 1, 3].

(1)

1

(K-1 is called the Debye parameter), e´ is the elementary electric
charge (= 1.602 × 10-19 C), í is the valence of exchangeable
cations, e is the void ratio of the clay specimen, G is the specific
gravity of the soil solids, ñw is the density of water (= 1 Mg m3
), and ñd is the dry density of the clay specimen in Mg m-3.
IV. PRESENTATION OF RESULTS
Two sets of reported data were examined in this paper; the
results from consolidation tests (i.e., the void ratio-vertical
pressure data) and the results from swelling pressure tests
(i.e., the dry density-swelling pressure data). The reported
consolidation test results are for initially saturated bentonite
samples. In this case, the swelling pressures were taken as the
vertical pressures at all equilibrium void ratios.
The reported swelling pressure test results are for
compacted saturated bentonite samples. In this case,
compacted unsaturated clay samples were allowed to imbibe
water whilst kept at a constant volume until saturation was
completed (i.e., isochoric condition). The maximum pressure
recorded for a given dry density of the sample is referred to as
the swelling pressure.
A. Influence of Clay Properties on Compressibility
The experimental and theoretical e-log p relationships for
the divalent-rich bentonites (Ca-Wyoming, Calcigel, CaFourges), and the monovalent-rich bentonites (NaWyoming, Na-Ca MX80, Alaska) for the consolidation tests
are presented in Figs. 1a and 1b, respectively. The
properties of

where p is the swelling pressure in N m-2, n is the molar
concentration of ions in the bulk fluid in ions m-3, k is the
Boltzmann’s constant (= 1.38 × 10-23 J K-1), T is the absolute
temperature (= 298 K), u is the nondimensional midplane
potential function, y is the nondimensional potential function
at a distance x (meters) from the clay surface, î is the
nondimensional distance function, z is the nondimensional
potential function at the surface (x = 0), B is the base exchange
capacity or cation exchange capacity in mequiv. per 100 g, S is
the specific surface area in m2 g-1, å0 is the permittivity of a
vacuum (= 8.8542 × 10-12 C2 J-1 m-1), D is the dielectric constant
of the bulk fluid (= 80.4 for water), d is half the distance between
clay platelets in m, K is the diffuse double layer parameter in m-
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limits of the bentonites. The initial water contents of the other
clays were only slightly greater than the corresponding liquid
limits. This implies that initial water content could have some
influence on the swelling pressure of initially saturated
bentonites.
At large pressures (approx. > 2 MPa), the experimental
swelling pressures of divalent-rich bentonites (Fig. 1a) clearly
exceed the theoretical predictions. The agreements between
the experimental and theoretical results for the monovalentrich bentonites at large pressures (Fig. 1b) are found to be
slightly better.
V.

Influence of Clay Properties on Swelling Pressures
of compacted bentonites
The experimental and theoretical dry density-swelling
pressure relationships for the divalent-rich bentonites (Febex,
S-2, Calcigel, Montigel) and the monovalent-rich bentonites
(MX80, Kunigel and Kunigel V1) are shown in Figs. 2a and
2b, respectively.
Figure 2 shows that the order of the theoretical
relationships again agreed very well with those of the
experimental results for all dry densities. However, differences
are distinct at low and high dry densities.

Figure 1. Experimental and theoretical e-log p relationships for
(a) divalent-rich and (b) monovalent- rich bentonites.

the bentonites and the bulk fluid properties are shown in
Fig. 1. The results for Na-Kunigel are shown in both Figs. 1a
and 1b for comparison.

The results for divalent-rich bentonites (Fig. 2a) indicated
that at dry densities less than about 1.55 Mg m-3, the theory
over-predicted the swelling pressures. At higher dry densities
the reverse is true and the agreement is poorer.
For MX80, a Na-rich bentonite (Fig. 2b), the agreement
between the theoretical and experimental results is found
to be slightly better for dry densities less than about 1.6 Mg
m-3, whereas the mixed-valent Japanese bentonites (Kunigel
and Kunigel V1) exhibited similar behaviour to that of the
divalent-rich bentonites (Fig. 2b).
Restricted interlayer swelling caused by the formation of
domains tends to reduce the specific surface area of
bentonites. Similarly, the crowding of counterions at the
surfaces of the clay platelets has been shown to reduce the
electrical charge and the electric potential at the Gouy-Stern
plane [7-8, and 14]. A reduction in the electrical charge and
potential at the Gouy-Stern plane tend to reduce the ionic
concentration of the pore-fluid at the midplane between the
clay platelets [8]. These effects possibly reduced the swelling
pressures of the bentonites at high void ratios or low dry
densities.

According to the Gouy-Chapman diffuse double layer
theory, for clays that have exchangeable counterions of the
same valence, the swelling pressure increases with an increase
in the specific surface area for any given platelet spacing or
void ratio. Furthermore, for clays with the same specific surface
area, the presence of a higher valence of exchangeable
counterions results in a decrease in the diffuse double layer
thickness. This, in turn lowers the swelling pressure for any
given void ratio or platelet spacing. Again, all other factors
being constant, the swelling pressure decreases with an
increase in the bulk fluid ionic concentration.
Figure 1 shows that the order of the theoretical
relationships generally agrees well with those of the
experimental results, as one would expect from the diffuse
double layer theory. The results of Ca- and Na-Wyoming
however, are two anomalies, and the theory under-predicted
the swelling pressures of the clays throughout the pressure
range. For all other cases, generally at lower pressures (approx.
< 2 MPa) the theory over-predicted the swelling pressures.
The influence of cation exchange capacity can be found to be
insignificant for the ranges dealt with in this study.
A back-calculation for Na- and Ca-Wyoming indicated that
the initial water contents of the bentonite samples in Bolt’s
experiments were at least three times greater than the liquid
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VI. CONCLUSIONS
Comparisons between the swelling pressures predicted
from the Gouy-Chapman diffuse double layer theory and the
reported experimental swelling pressures for both initially
saturated and compacted saturated bentonites are presented
in this paper. It was noted that the ordering of the experimental
swelling pressures are generally in agreement with that
determined by the double layer theory based on the physicochemical properties of the bentonites. However, discrepancies
were noted for all bentonites at almost all densities or void
ratios. The results showed that the double layer theory
generally predicted higher swelling pressures at high void
ratios or low dry densities with the reverse trend at high dry
densities or low void ratios.
Further work is in progress to study the influence of Stern
layer on the swelling pressures of mixed valent bentonite
systems. Such a study is of fundamental importance for
understanding the hydraulic and mechanical behaviour of
compacted bentonites used as barrier and backfilling materials
for the storage of high level radioactive wastes in many
countries.
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